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Abstract
The performance of low salinity waterflooding (LSWF) in different wettability
environment is still unclear for the oil industry. The concessions among researchers
are that low salinity does not work in water-wet carbonate oil reservoirs. In this project
carbonate core flooding experiments on cores with different wettability’s conditions,
including water-wet, oil-wet, and intermediate wettability were performed at reservoir
conditions of pressure and temperature. Seawater was selected as a base water and its
concentration & composition were modified through dilution and/or spiking with
sulfate. The base water was diluted with water 10 and 50 times and spiked with sulfate
to 2 and 6 times its initial sulfate concentration. The displacement efficiencies of
single water and sequential flooding employing three to four different waters were
measured for different wettability environments. Results indicated that the optimum
low salinity water is a function of the system wettability. The optimum brines for
water-wet, oil-wet, and intermediate wettability systems are SW/10 (5700 PPM), SW
(57000), and SW/50 (1140 ppm) respectively. The injection of very low salinity water
(SW/50) in intermediate wettability environment displayed the heights displacement
efficiency among the single brines employed in different wettability environments.
Results also indicated that the performance of low salinity process in different
wettability environments is strongly dependent on the dominant mechanism which are
rock dissolution and water-in-oil emulsion mechanism for the studied system, and
there is no unique conclusion can be drawn regarding workability of LSWF for specific
carbonate rock wettability system. Five different sequential brine flooding were
performed employing high permeability carbonate rocks with different wettability
environment. Sequential flooding IV which consist of seawater flowed by gradually
diluted seawater in water-wet system displayed the height displacement efficiency. In
general, all employed sequential brine injections performed better in water-wet
environment except for sequential III, which consists of very low salinity (≈1000)
flooding followed by the same water spiked by 2 and 6 times.
Keywords: Low-Salinity, Wettability Alteration, Modified Water, Core Flooding,
Sequential Flooding.
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Chapter 1: Introduction
1.1 Overview
The world population is continuing to grow and is predicted to exceed 7.5
billion people along with a global economy that is projected to exceed USD 80 trillion.
With the unprecedented population and economic growths that have been projected, it
should be expected that there will be an equally enormous increase in the global
demand for energy. Some prediction models have estimated that there will be an
additional recovery increase of approximately 1.2 million barrels/day in 2025 and the
years to come. Despite the significant advances that have been made in the renewable
energy technology sector, fossil fuels continue to play a pivotal role in the global
energy systems.
In the modern human social and culture development, oil and gas are among
the products of great significance (Perera et al., 2016). It is noteworthy that oil and
gas encompass the major source of energy used globally. In particular, oil and gas are
basis of a myriad of critically resourceful items including an array of household
products and medicines (Perera et al., 2016).
In the UAE, petroleum is the primary and cardinal source of energy. While
there has been discovery of majorhydrocarbon reserves in the country, increased
production is projected to exclusively come from the use of EOR techniques. It is
possible that the latter could expand production up to 30% in the Middle East to cater
for the energy demand. Some EOR techniques are widely known to be exorbitant thus
requiring high capital investment. Generally, the latter has associated risks, and as such
they require Research and Development (R&D) prior to production. If done, R&D will
lead to a better understanding and selection of the most efficient techniques.
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Incremental oil recovery has been attributed to wettability reversal in low
salinity waterflooding. Wettability reversal has been caused by lower contact angles
in water. Agbalaka et al. (2008) measured the Amott-Harvey indices of cores flooded
by a low-salinity brine and indicated that cores became more water-wet after flooding
(Agbalaka et al., 2008). LSWF measurements were performed under reservoir
conditions and it was pointed out that diluted seawater makes the reservoir rock more
water-wet (Yousef et al., 2012b). Al-Shalabi et al. (2014) investigated production
mechanisms under LSWF for carbonates through history matching using core flooding
experiments performed by Mohanty and Chandrasekhar (Al-Shalabi et al., 2014;
Chandrasekhar, 2013). Wettability alteration was shown to be the dominant
mechanism under LSWF. Lower contact angles for seawater and diluted seawater were
also observed (Mahani et al., 2015). Amott (imbibition) tests with reservoir oils and
carbonate rock materials from Iranian petroleum reservoirs were carried out (Zaeri et
al., 2019, 2018). The authors indicated that there exists an optimum degree of dilution
for maximum recovery.
Incremental oil recovery instigated by LSWF was also attributed to salinity
gradients. Cumulative salinity gradients caused by injecting water with different
salinities led to diffusion-phoresis (joining) and mobilization of the isolated oil drops
(Prieve and Roman, 1987). Zaeri et al. (2018, 2019) also confirmed that injecting
batches of water with different salinities facilitated ion transport between the rock
surface and brine, led to wettability alteration, and improved oil recovery.
It was also reported that temperature affects wettability alteration. The Amott
wettability indices for sandstone and carbonate cores were measured (Schembre et al.,
2006). The authors indicated that increased temperature changed rock wettability from
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low- to intermediate- to strong-water wetness. Other researchers also reported that
increased temperature made calcite surface more water-wet and contributed to
incremental oil (Gomari and Hamouda, 2006).
Khilar and Fogler (1983) stated that a critical brine concentration of
approximately 0.4 by wt% NaCl brines in sandstones enhanced oil recovery.
Decreasing the concentration below this value triggered clay destabilization and
formation damage. Morrow and Buckley (2011) showed a moderate increase in oil
recovery during the injection of low-salinity water with 0.2 - 0.5 by wt% NaCl. A
correlation between fine particle migration and wettability was reported (Alagic et al.,
2011). The authors observed that fine particle migration did not take place during LSW
injection in aged cores, whereas particle migration was reported when unaged waterwet cores were used and this agrees with the results reported (Clementz, 1982;
Mungan, 1965). Chandrashegaran concluded that an injected water salinity of 0.2 by
wt% is the optimal concentration for most rock types (Chandrashegaran, 2015).
Wettability alteration is not a separate mechanism, but an outcome produced
by other micro-scale mechanisms, such as surface ion exchange, surface charge
change, double-layer expansion, and mineral dissolution. In the following sections, a
number of other chemical/physical wettability reversal mechanisms, that may
hypothetically increase oil recovery, will be described.
1.2 Background
During oil production, recovery operational processes usually pass three
mechanisms including initial primary stage, secondary method, and the tertiary EOR
technique. Even when oil recovery operations have traditionally been applied in a
sequential manner (Green and Willhite, 1998), they may sometimes not be conducted
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in a specific order (Lake et al., 2014). On average, primary, and secondary recovery
methods, including waterflooding, are known to produce about one-third of the OOIP.
By applying the tertiary recovery (EOR), production may attain an oil recovery target
of 40 to 60% or more in the reservoir (Abubaker et al., 2015). CO2 EOR technique has
proven to cause swelling of the oil within the reservoir formation, decrease its density,
and reduce the IFT. While Polymer flooding improves sweep efficiency. Surfactant
flooding also will reduce IFT and may alter the rock’s wettability.
1.2.1 Primary recovery
When Oil is recovered by any natural drive mechanism, the process is referred
to as primary recovery. With this method, the production of hydrocarbons from a
reservoir does not require the use of any additional process to supplement or aid the
natural energy (Glover, 2001). It is always advised to determine the drive mechanism
of a reservoir since having such prior knowledge greatly eases the management of the
oil reserves.
Depending on the drive mechanism and the strength of the natural drives for
any given reservoir, the oil recovery could reach 5 to 25% of the OOIP in depletion
drive reservoirs (Tzimas et al., 2005), 20 to 40% in Gas cap drive reservoirs, 20 to
60% in water drive reservoirs (Abubaker et al., 2015), and 15 to 50% in black oil
reservoirs with a water drive mechanism (Arps and Ertekin, 1967).
1.2.2 Secondary recovery
Once the initial discovery and production of oil has occurred, most oil
reservoirs cease to have the natural drive mechanism of water and gas that originally
compelled the oil to the surface. Under the natural drive mechanism, there is a pressure
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drop as the reservoir undergoes production, thus a pressure -maintenance program can
begin after the primary recovery stage of production. Reduced reservoir pressures
hinder the production targets to be attained hence a need to incorporate secondary
recovery mechanisms to exhaust the natural potential of the reservoir.
Secondary recovery includes mechanisms of hydrocarbon production based on
man-made energy to produce oil. An external fluid, such as water or gas, is injected in
order to maintain the pressure of the reservoir. These methods include water flooding
and natural gas injection, with the former being the most commonly used in
communication with the production wells (Fleshman and Lekic, 1999). Traditionally,
these injection fluids already exist in the reservoir and aid to provide and maintain
pressure while displacing the oil from the wellbore ultimately moving it towards the
production wells (Robertson, 2007).
Several oil fields produce only 10 to 15% of the OOIP; with the use of
secondary recovery methods, an increment of 15 to 20% may be produced (Zitha et
al., 2011). The recovery factor for a reservoir that has undergone the natural drive
mechanism followed by water flooding may reach 35 to 50% of the OOIP (Green and
Willhite, 1998). Production is no longer economical when the injected water or
injected gas is produced in considerable amounts from the production wells at the
surface since this implies that the secondary oil recovery stage has reached its limit.
1.2.3 Tertiary recovery processes (EOR)
The tertiary oil recovery stage, which is an EOR method, is the third recovery
mechanism implemented after the secondary recovery method to recover the residual
oil that has otherwise become uneconomical to produce (Moeini et al., 2014).
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Less than one-third of the OOIP is produced by both primary and secondary
recovery methods on an average (Zekri and Jerbi, 2002). Additional hydrocarbons
through the injection of fluids and energy are recovered using EOR methods which
modify the reservoir rock properties (physical and chemically). These are selected on
the basis of availability and cost (Ezekwe, 2010). LSWF has widely been practiced in
improving the oil recovery due to simplicity, availability of the water sources and
relatively cheaper than other practical techniques. The objective of the injection fluids
is to mainly boost the reservoirs natural energy, communicate with the reservoir rock
and (or) the reservoir oil system so as establish conditions much favorable to recover
residual oil.
EOR introduced fluids, lower the oil viscosity while at the same time
increasing the viscosity of the water drive. In addition, the EOR introduced fluids also
change the oil density thus leading to a decline in the IFT between the displaced oil
and displacing fluid as well as also increasing the capillary number which in turn
causes a reduction in capillary forces. This will create an oil swelling thus altering the
wettability of the rocks which in turn enhances oil recovery. It is noteworthy that these
injection fluids are normally nonexistent in the reservoir (Romero-Zeron, 2012). EOR
processes involve injection of miscible gases, thermal energy, and chemicals. On the
other hand, the immiscible gas injection is believed to be a secondary recovery
mechanism. Besides, thermal energy from steam /hot water is mainly used as an EOR
process in the recovery of heavy crude oil (Green and Willhite, 1998). Therefore, in
the process of choosing the right EOR process that will be both efficient and feasible
for a given reservoir it is advisable to do extensive studies on the natural drive
mechanism of the reservoir, rock and fluids type (heavy or light oil), heterogeneity of
the reservoir, and other conducive properties.
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1.3 Statement of the Problem
In general, it has been shown that oil recovery from sandstone reservoirs is
greater than that from carbonate reservoirs, where a positive effect of low salinity
flooding was validated in a sandstone formation through core flooding experiments to
evaluate the potential of low salinity brines as secondary and tertiary oil recovery
mechanisms for oil recovery (Al-adasani et al., 2012). Previous LSWF work has been
performed on carbonate formations by a number of researchers who demonstrated
improved recovery in moderate to high permeability carbonate reservoirs (Zahid et al.,
2012). However, there is still no definite justification for the mechanism behind this
phenomenon (Gupta et al., 2011).
Unlike the previous experiments that were based on intermediate wet and /or
oil wet reservoir formations, little work has been done on high permeability carbonate
formations that are water wet. The main emphasis for this thesis therefore is on a high
permeability strongly water-wet and strongly oil-wet carbonate reservoir, limestone
formation in particular, to investigate the oil recovery factor with LSWF. The second
aim of the thesis is to compare the oil recovery attained with the LSWF method and
compare it with that reported by Khalifi Jassim who experimented on the same
formation that was however intermediate oil-wet and showed high permeability
characteristics.
1.4 Relevant Literature
1.4.1 Fundamental concepts of wettability
”Wettability describes the preference of a solid phase to be in contact with one
fluid rather than another” (Abdallah et al., 2007). It is known to be the tendency of the
reservoir rock surface to preferentially contact a particular fluid in a multiphase or two-
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phase fluid system. In the presence of other immiscible fluids, one fluid may adhere
or spread on to the solid surface (Ahmed, 2018). The spreading tendency can be
conveniently expressed by measuring the contact angle at the liquid-solid interface.
Accordingly, a water-wet reservoir rock will have a preference to contact water while
a gas-wet reservoir rock and oil-wet reservoir rock will preferentially contact gas and
oil respectively.
Furthermore, wettability may vary from location to location. It is not advisable
to use wettability by itself as a property when directly inputting parameters for
reservoir models. However, it is known to significantly impact input values such as
relative permeability and capillary pressure (Anderson, 1987; Rücker et al., 2020).
From previous studies, so far it has been studied that relative permeability and capillary
pressure can only be determined with core-scale experiments. In order to predict these
parameters for a specific given reservoir, understanding the principles behind
wettability is crucial.
The degree to which a rock is either water-wet or oil wet is strongly affected
by; (1) the adsorption or deposition of constituents in the oil phase, (2) the reservoir
rock mineralogy, and (3) the film deposition and spreading capability of the oleic phase
(Agbalaka et al., 2008). Figure 1 illustrates the various properties that wettability
depends on. These include brine- and crude-oil composition, the reservoir pressure and
temperature (P-T) conditions, the reservoir rock mineralogy and surface chemistry
associated with it, surface structure and fluid-film formation as well as saturation
history.
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Figure 1: Properties of the reservoir rock on which wettability depends
(Rücker et al., 2019).

1.4.2 Wettability measurement and its effect on oil recovery
There are various measurement techniques for wettability that are widely used
which fall both under conventional and novel techniques. The conventional techniques
include contact angle measurement, the Amott test, United States Bureau of Mines
(USBM) while the novel techniques include flotation test, chromatographic tests,
Nuclear Magnetic Resonance (NMR) and other techniques that will later be discussed.
Contact angle is defined by the angle between the fluid-solid interface. The
conventional method to determine the reservoir rock wetting state is to determine its
contact angle measurement. There are numerous ways to measure contact angle and
among which the regularly used one is the sessile drop method. The sessile drop
method involves depositing a liquid drop on a smooth solid surface and measuring the
angle between the solid surface and the tangent to the drop profile at the drop edge.
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This is viewed through the camera that is used to measure the contact angle. In most
cases the drop of liquid is miniscule which leads to the gravity action being neglected.
The deposited drop deforms from its initial spherical shape, flattens to form a small
cap of liquid and eventually reaches its equilibrium state (Nowak et al., 2013). Table
1 shows the criteria based on obtaining the contact angle values to access the
wettability of the reservoir rock. Figure 2 shows the contact angle measurements and
wetting state of the liquid-solid surface in the presence of an oil drop and water (brine)
drops.
Table 1: Rock wettability and contact angle values (Kamal, 2016).
Type

Contact Angle (°)

Water-wet

0-80 (<90)

Intermediate-wet

80-100 (≈90)

Oil-wet

100-160 (>90)

Strongly oil-wet

160-180

Figure 2: Liquid drops spreading on a solid rock surface (Abdallah et al., 2007).
A system is called water-wet for a contact angle θ<90 (a), intermediatewet for θ≈90 (b) and oil-wet for θ>90 (c), when the contact angle is
measured through a brine phase.
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The Amott-Harvey testis another traditional method incorporated to measure
the mean wettability of the rock to given fluids. The test is composed of two
spontaneous imbibition and two forced displacements that involve the measurement
of the amount of fluids spontaneously and forcibly imbibed by a rock sample (Ma et
al., 1999). Imbibition oil saturation, Soi; total oil saturation, Sot; imbibition water
saturation, Swi; and total water saturation, Swt, are obtained from the overall displaced
phase volume and total pore volume (Domınguez et al., 2001).
Generally, the core rock samples to be measured with the Amott test are
centrifuged or flooded with brine followed by flooding or centrifuging in oil to obtain
Swi. On obtaining the initial /imbibition water saturation, the standard Amott method
is then adhered to. The Amott-Harvey wettability index (IAH) is calculated once the
experiment is concluded to access the wettability. This test has no validity as an
absolute measurement, however it’s used as an industry standard for comparing the
wettability of various core plugs (Chen et al., 2006).
The Amott-Harvey Index calculation is illustrated in Figure 3 and defined in
equation 1and 2. The Amott-Harvey wettability index reflects the ease with which the
wetting phase will be able to displace the non-wetting phase. For an extremely oil-wet
reservoir system, Iw will be zero and for an extremely water-wet reservoir, Io will be
zero which is an indication that oil is not imbibed spontaneously (Amott, 1959).

𝐼𝐴𝐻 = (

𝑆𝑤𝑖
𝑆𝑤𝑡

)−(

𝐼𝐴𝐻 = 𝐼𝑊 − 𝐼𝑂

𝑆𝑜𝑖
𝑆𝑜𝑡

)

Equation.1
Equation 2
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Figure 3: The Amott-Harvey index calculation (Amott, 1959; Kantzas et al., 2012).
The relationship between rock wettability and Amott-Harvey index is
elaborated in Table 2 showing the wettability assessment on basis of the index.
Table 2: Rock wettability and Amott-Harvey index (Domınguez et al., 2001).
Type

Amott-Harvey Index

Water-wet

0.3 – 1

Mixed-wet

-0.3 - 0.3

Oil-wet

-1 ≈-0.3

USBM is a conventional technique for wettability measurement that is directly
or indirectly from a capillary pressure phenomenon and goes through the same process
as the Amott-Harvey test. The USBM index does not neglect the hysteresis of the
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capillary curve like the Amott-Harvey test that does (Agbalaka et al., 2008). Its
wettability index, IUSBM, in equation 3 is defined upon two parameters: (1) the area
under the oil-drive curve, AO, and the area under the water-drive curve, Aw
(Domınguez et al., 2001).

𝐼𝑈𝐵𝑆𝑀 = 𝑙𝑜𝑔(

𝐴𝑜

𝐴𝑤

Equation 3

)

The USBM has a limitation that cores have to be classified as either oil-wet
when IUBSM is less than zero, water-wet when IUBSM is greater than zero and neutralwet when IUBSM is equal to zero. In Table 3, the index values indicated are used to
access the rock wettability. Often times the index value falls within the range of -2 to
2 (S. Strand et al., 2006).
Table 3: Rock wettability and UBSM index.
Type

UBSM index

Water-wet

>0

Mixed-wet

~0

Oil-wet

<0

Similarly to the Amott test , the USBM wettability test is carried out when the
initial conditions of the rock are Sw=100%, and an initial flood down to Swi is required
as shown in Figure 4which portrays the typical USBM test curves for water wet, oil
wet and neutrally wet cores (Kantzas et al., 2012).
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Figure 4: USBM index calculation (Kantzas et al., 2012).
The use of Amott-Harvey test has been reportedly used to distinguish the
occurrence of speckled wettability also known as a non-uniform wetting form from
uniform wettability (Morrow et al., 1986). In general, the conventional wettability
measurement techniques that have been used, the contact angle mainly measures the
wettability of a specific surface, while the Amott and USBM methods measure the
average wettability of a core (Kantzas et al., 2012).
Apart from the conventional methods that are widely used, the Novel
techniques have been used as well to measure and characterize wettability for both
uniform and non-uniform wetting cases. Conventional techniques have their short
comings which limit their application. Researchers found out that the wettability on
the inside on the rock matrix was not catered for because contact angle measurements
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are carried out on the rock’s surface. The rock wettability on the surface and inside the
rock matrix are ideally different (Amirpour et al., 2015).
The commonly used Novel Techniques include the Chromatographic
wettability study which is quantitative and based on a chromatographic separation of
SCN- and SO2−
4 as two tracers in chalk (Strand et al., 2006). The Flotation test , a novel
technique as seen in Figure 5 is based on the concept that particles which are less
wetted, easily float (Ahmadi et al., 2015; Wu et al., 2008). Nuclear Magnetic
Resonance (NMR) which is based on the assumption that the reservoir rock is neutral
to water-wet is another novel wettability measurement method. This method works by
agitating the hydrogen proton abundant in both water and oil, to detect their response
to the magnetic fields. Several wettability indices based on NMR have been
incorporated and used to provide means on how to utilize the NMR data to describe
wettability which correlates well with the Amott-Harvey test results (Chen et al.,
2006).

Figure 5: The flotation test (left) and separation test results(right)
(a) oil-wet and (b) water-wet in both cases (Ahmadi et al., 2015).
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The Micro-CT or X-ray computed micro-tomography (Lebedeva and Fogden,
2011), the Scanning Electron Microscopy (SEM) (Al-Yousef et al., 1995), Infra-red
Spectroscopy (IR) (Khorasani et al., 2005), Thermogravimetric Analysis (TGA)
(Jarrahian et al., 2012) and Atomic Force Microscopy (AFM) (Kumar et al., 2005) are
the other commonly used novel techniques to measure wettability.
Wettability alteration has been recognized as one of the mechanisms that
enhance oil recovery (Katende and Sagala, 2019) and the effectiveness of oil recovery
depends on the wettability of reservoir rocks. Therefore, understanding the
relationships between wettability, capillary pressure, and the distribution of oil and
water in pore spaces is a necessary step in quantifying wettability and its relation to oil
recovery. Wettability effects on oil recovery have been investigated through
displacement tests in the laboratory (Morrow, 1990).
The earlier studies on the wettability effect on oil recovery was merely based
on assumptions that wettability was uniform throughout the reservoir. This simplistic
assumption has been dismissed by a number of researchers as they discovered that
wetting of the reservoir surface is purely heterogenous unlike the earlier analysis
(Holbrook and Bernard, 1958; Schmid, 1964). Furthermore, researchers postulated
that the condition of heterogeneous wettability was a common condition in oil sands
thus confirming that there was a possible non-uniform wetting behavior in the reservoir
rock (Agbalaka et al., 2008).
Besides heterogeneous wettability, other wetting states did exist in the
reservoir rock which comprised of mixed wettability, speckled wetting, fractional
wettability and dalamtian wetting. The reservoir rock’s mineralogy is responsible for
the type, extent and distribution of the non-uniform wetting condition.
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1.4.3 Low Salinity Water Flooding and its effect on wettability
Low Salinity water flooding is an oil recovery process that was discovered
years ago as an effective mechanism to enhance oil recovery when injected in a core
that was initially flooded with high salinity water (Sheng, 2014). Among the
convectional recovery methods LSWF is among the most successful and common
technique to improve oil recovery as well as maintaining the reservoir pressure. LSWF
has been performed on carbonate reserves in a number of studies both on field and at
a laboratory scale and the studies confirmed the mechanism to be positive as an
additional recovery was achieved in both secondary and tertiary models (Gupta et al.,
2011; Hognesen et al., 2005; Webb et al., 2005; Yousef et al., 2011).
Numerous hypothesis has been brought forward to explain the increase in oil
production associated with LSWF. However, the investigation of the mechanisms by
which the oil recovery is increased presents considerable challenges since they depend
on complex crude oil/brine/rock interactions (McGuire et al., 2005; Yildiz and
Morrow, 1996).
Low Salinity Water Flooding has been recognized as one of the most prominent EOR
techniques that act on a microscopic scale through reducing the residual oil saturation
rooted in the incorporation of a combination of intertwined mechanisms. Several
studies of LSWF on carbonates done at laboratory scale have confirmed a positive
response to low salinity water injection. Moreover, additional recovery was obtained
in both the secondary and tertiary mechanisms (Hognesen et al., 2005; Gupta et al.,
2011; Yousef et al., 2012).
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In their research on the impact of brine salinity on oil recovery, Tang and
Morrow (1999) noted that the low salinity behavior is accompanied by an increase in
effluent pH, reduction in IFT, and reduction in relative permeability shifting the
relative permeability curves corresponding to an increase in water-wet condition and
production of fines. These authors also suggested a mechanism on fine migration
implying that oil-wet clay fine particles in contact with low salinity water are detached
from the pore surfaces of the rock hence increasing the mobility of the residual oil,
wetting alteration and flow path-path alteration (Tang and Morrow, 1999).
When the experiments were run on a carbonate rock under high temperatures,
LSWF gave a tremendous increment in oil recovery. However, subjecting the
carbonate rock to LSWF in ambient conditions, there was no effect at all. The
researchers concluded that fines migration or dissolution effects may have occurred as
a result of high temperatures. This increased the pressure drop and resulted to an
increased oil recovery (Zahid et al., 2012).
It has been discovered that LSWF in carbonate cores operates through
decreasing the calcium concentration in produced brine. This change results in fines
migration and calcium carbonate dissolution to establish an equilibrium within brines.
It is known phenomenon that the component of oil is released from the rock surface as
a result of rock mineral dissolution (Austad et al., 2010).
Various dilutions of sea water were used to study the contact angle as a
function of time. Zekri et al. (2011) concluded that on injecting low saline water in
carbonate and sandstone core plugs, would result in wettability alteration of the rock
hence an increment in oil recovery at different times (Zekri et al., 2011).
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The kinetics of the LSWF effect in a model system and change of receding
contact angle and associated time scale were studied. It was observed that the
wettability altered to a less oil-wetting state. The kinetics of wettability change was
slow. The time scales observed were 10-20 times longer than expected by diffusion
only (Mahani et al., 2013).
In 2005, a study on chalks and limestone cores was carried out to investigate
the extent of the effect of sulphate ion and temperature when subjected to them
(Hognesen et al., 2005; Skule Strand et al., 2006). This experiment was conducted on
middle east formation waters, oil samples with a relatively high acidic number and oilwet rock samples. The wettability alteration towards a more water-wetting state,
caused a huge oil recovery increment through a process that was accelerated by the
temperature increase, above 90°C. Increasing the sulphate content improved the oil
recovery too. It was confirmed that seawater, low salinity water and sulphate-spiked
low salinity water caused additional oil recovery over formation water (Fathi et al.,
2011).
In the formation brines with a high calcium ion content, an addition of sulphate
rendered the recovery due to anhydrate precipitation (Skule Strand et al., 2006). Webb
et al. (2005) confirmed the positive contribution of sulphate ion in LWSF evidenced
by the shift in the capillary pressure curve.
Injection of LSW has improved waterflood recovery in numerous laboratory
and field experiments (Lager et al., 2008; RezaeiDoust et al., 2009; Rivet et al., 2010).
The consensus among researchers is that injecting LSW creates a wetting state more
favorable to oil recovery. Wettability affects the microscopic distribution and flow of
oil and water in a porous media and thus the residual oil saturation.
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Relative permeability is also affected but wettability as it is the major factor in
the location , flow and spatial distribution of fluids in the core (Craig, 1971; Rao et al.,
1992). Therefore, this method is used to discern wettability alterations induced by
LSWF through relative permeability modifications. It’s postulated that when
wettability changes from less to more water -wet conditions, oil is released form the
rock surface and an increased recovery is witnessed. However, evidence for change in
wettability is often indirect, as seen from changes in relative permeability curves
(Morrow and Buckley, 2011).
1.5 Research Objective
The broader aim of the research was to quantify the effect of wettability
alteration on oil recovery and to investigate the potential of Low Salinity Water
Flooding (LSWF) on improving oil recovery. Water-wet, Intermediate -wet and Oilwet systems were studied. The specific objective of the research was to identify the
brine composition that may give an optimum oil recovery for the candidate carbonate
oil reservoir. The core samples that were used, the brines that were injected and
reservoir fluids were selected to mimic the actual Asab oil field in Abu Dhabi. To
achieve these objectives the following procedures, were taken into consideration.
•

Studying and analysing the physical and chemical properties of the different
brines that were used, the crude oil, and reservoir core samples.

•

Examining the IFT and contact angle of the various low salinity brines that
were used in this study. Part of this work was studied by Eng. Abubaker Jassim
and his results attained for contact angle and IFT were applied in this work
(Abubacker et al., 2017).
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•

Conducting phase behaviour studies for the crude oil when mixed with the
different brines. This is to determine their separability under ultraviolet light at
room temperature.

•

Carrying out core flooding experiments with different core samples at reservoir
temperature conditions in order to identify which brine had the potential to give
optimum recovery during a dynamic state. The rock and fluid properties were
compared before and after the flooding and finally an ideal system for oil
recovery was determined.
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Chapter 2: Methods and Materials
2.1 Materials
In this current study, the materials used were crude oil, carbonate core samples,
and synthetic brine whose composition was provided by ADNOC and prepared at
United Arab Emirates University (UAEU) artificially in the laboratory.
2.1.1 Asab field
The limestone core samples and crude oil that where utilized in this
experimental project were retrieved from Asab oil field and the brines used were
synthesized based on the ionic composition provided by Abu Dhabi National Oil
company (ADNOC). Asab field is an oilfield in Abu Dhabi, United Arab Emirates
with the region font code of Africa/Middle East. The field is located at an elevation of
145 meters above sea level and 84 km North West of Abu Dhabi Islands, just a few
kilometers north of Liwa Oasis. Asab is one of the giant onshore fields producing
from lower cretaceous carbonates, with estimated reserves of over 10.5 billion barrels
of oil. It is among the five major fields discovered in 1965 and is operated and owned
by Abu Dhabi National Oil Company (ADNOC). The current production of oil in this
field is approximated at a rate of 3,772,788 barrels per day as per 2016 with an average
reservoir pressure and temperature of 3100 psia and 255°F respectively (Alsharhan,
1993).
2.1.2 Crude oil
In these experimental studies, the stock tank crude oil sample utilized was from
Asab Oil field in the Middle East. Table 4 lists the Physical properties (density,
viscosity and API) of the dead oil measured at 20°C. Asab crude oil has a relatively
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higher API of 38.52°, hence a light sweet oil with no hydrogen sulfide gas. The crude
prior to any laboratory experiments was passed through a 5 mm filter paper to get rid
of any solid fragments that may have dissolved within the oil. This was performed in
the presence of vacuum. In the process of storing the oil, no asphaltene precipitation
was observed. The Asab oil chemical analysis was carried out using gas
chromatography as reported in Table 5.
Table 4: Asab crude oil physical properties.

Asab Crude Oil Properties at Ambient Environment
Property

Value
0.8276
38.52°
2.927
1.8593

Density,
Specific Gravity, at 20°C
Viscosity at 20°C & 14.7 psia
Viscocity at 255° F and 3100 psia

Unit
g/cc
API
mPa.s-cp
mPa.s-cp

Table 5: Chemical analysis for the crude oil from Asab field.
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Substance
C9
C10
C11
C12
C13
C14
C15
C16
C17
PRISTANE
C18
PHYTANE
C19
C20
C21
C22

Mole
Fraction
0.50019
0.00022
0.00039
0.03773
0.44660
0.00810
0.09362
0.01655
0.01747
0.07574
0.01175
0.07140
0.01318
0.00740
0.01219
0.01330

Number Substance
17
C23
18
C24
19
C25
20
C26
21
C27
22
C28
23
C29
24
C30
25
C31
26
C32
27
C33
28
C34
29
C35
30
C36
31
C37
32
C38
TOTAL = 1.0

Mole
Fraction
0.01425
0.01227
0.01062
0.00852
0.00712
0.00554
0.00288
0.00397
0.00330
0.00284
0.00019
0.00025
0.00083
0.00053
0.00021
0.00004

24
As seen from Table 5, the crude oil mixture contains mainly the light organic
components. This explains the crude’s specific gravity, API of 38.52 hence a lighter
oil.
2.1.3 Fluids (brines)
The number of brines (fluids) used in this study were totaling up to 11
including the synthetic Formation Water (FW) similar to the reservoir formation brine,
sea water of differing salinity and sulphate spiked concentration as well as Injection
water currently injected in the Asab field reservoir.
SW samples were prepared following the standard procedure as seen in
Appendix A to mimic the salinity of the seawater obtained from the Arabian Gulf
whose ionic analysis was performed by ADNOC. Results for the IFT and contact angle
from previous studies have shown SW as the most potential smart water brine to
increase oil recovery from the Asab oil field (Abubacker et al., 2017) and an improved
recovery factor in carbonate and sandstone reserves (RezaeiDoust et al., 2009; Zhang
et al., 2007). This study focuses on the SW, its dilutions both 10 and 50 times and the
sea water spiked by sulphate.
However, SW was used as the fundamental smart brine with total salts
dissolved (TDS) of 53,611 mg/L, FW with TDS of 157,488 mg/L used as the aging
brine and the Injected water (IW) of the field had TDS amounting to 258,249 mg/L.
All these brines were prepared in the laboratory synthetically. More brines preparation
was by diluting SW (10 and 50 times) and by spiking the SW with sulphate ion. The
spiking and dilution procedures and calculations used in the brine preparation are
presented in Appendix B.
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Calculations for the brines and their preparation were carried out following the
procedures presented in Appendix A in Table A.1 and their order of mixing in Table
A.2. Below are Tables 6, 7 and 8 with the respective compositions of the 11 brines
used in this work.
Table 6: Composition of the brines, Group 1.

Table 7: Composition of the brines, Group 2.
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Table 8: Composition of the brines, Group 3.

2.2 Measurements for Density and Viscosity
It has been significantly known that IFT measurements are affected by fluid
densities, it is therefore important to take their measurements (Moeini et al., 2014).
The fluid (brine) viscosities were measured using the Ostwald’s viscometer and
density measurements at ambient temperature using the pycnometer as shown in
Figure 6 respectively. The measured values of viscosity and density for the brines used
are illustrated in Table 9.
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(a)

(b)

Figure 6: Instruments for measuring viscocity and density
(a) Pycnometer, (b) Ostwald’s Viscometer (canon-fenske).

Table 9: Viscosity and density of the eleven used brines measured at room
temperature, 23°C.

Brine
SW
SW/10
SW/50
SW X 2 SO4

Viscosity(cP)
1.189
1.0631
1.0301
1.202

Density(g/ml)
1.031
0.9975
1.0001
1.023

SW X 6 SO4

1.2559

1.0306

SW/10 X 2 SO4

1.0824

1.0169

SW/10 X 6 SO4

1.0966

1.0249

SW/50 X 2 SO4

1.0700

1.0056

SW/50 X 6 SO4
FW
IW

1.091
1.411
1.78

1.0217
1.1075
1.097
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2.3 Core Samples
In this study, ten nearly equate pieces of carbonate core samples were selected
from many core plugs. Since the crude oil for the study was Asab oil, core samples
from Asab formation were not available, unfortunately. Thus, core samples were
retrieved from a nearby reservoir formation that mimicked the physical and chemical
properties of the Asab formation. All plugs as shown in Figure 7 were tested and
showed to be limestone (CaCO3) as they strongly reacted by producing a vigorous fizz
with a drop of hydrochloric acid. These limestone core samples had an approximate
diameter of 1.5ʺ and were grey in color. They were selected and prepared for the study
as seen in Appendix C.

Figure 7: Core samples used in the experiment.

2.4 Experimental Procedure
A flowchart has been used to illustrate the sequence of the numerous tests
performed in this study. Figure 8 shows the step-by-step experimental process.
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Figure 8: Flow chart displaying the experimental sequence of the tests (OW and
WW).

2.4.1 Core preparation and property measurements
Ten carbonate (limestone) core samples from Umm Shaif formation were
selected for the study, by screening them based on their porosity, permeability to air
and density. The cores are initially cleaned thoroughly using a Soxhlet extraction
apparatus and dried in the oven. The details are presented in Appendix C.
The measurements of the dry weight and length of the cores was taken using
the digital weighing scale and the Vernier caliper, respectively. This was followed by
measuring the porosity, grain density, bulk volume and permeability using the nitrogen
gas. To ensure that the screening process for which cores to use was met, the Vinci
Poro-perm instrument was used to determine samples with high-moderate
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permeabilities which were used in the study (refer to Appendix D). Only ten out of
many samples were selected for the study. Five for the water-wet and the other five
for the oil-wet reservoir studies. The samples matching basic physical properties for
the screening criteria that were selected and used are presented in Tables 10 and 11 for
the water-wet experiment and oil-wet experiment respectively.
Table 10: Basic core data for selected water-wet samples.
Sample
Diameter
ID
(cm)
Umm Shaif -18
3.812
Umm Shaif -38
3.812
Umm Shaif -24 S
3.812
Umm Shaif -2
3.812
Umm Shaif -8
3.812

Length
(cm)
5.14
5.07
5.08
5.21
3.95

Dry
Weight
gm
139.53
138.09
134.31
131.42
98.34

Pore
Volume
(cc)
6.32
6.10
7.49
8.72
7.24

Grain Porosity
Density by Air
gm/cc
2.667
0.12
2.669
0.12
2.662
0.15
2.592
0.17
2.600
0.19

K
by Air
(mD)
23.4
17.8
14.2
13.9
15.8

Table 11: Basic core data for selected oil-wet core samples.
Sample
Diameter
ID
(cm)
Umm Shaif -22
3.812
Umm Shaif -2
3.812
Umm Shaif -5
3.814
Umm Shaif -22 S 3.811
Umm Shaif -3
3.812

Length
(cm)
5.04
5.21
5.16
5.16
5.08

Dry
Weight
gm
125.41
131.37
132.65
127.54
130.09

Pore
Grain Porosity
Volume Density by Air
(cc)
gm/cc
7.13
2.493
0.16
6.14
2.465
0.16
6.49
2.531
0.18
7.19
2.470
0.15
6.39
2.523
0.14

K
by Air
(mD)
16.5
12.8
16.6
13.9
12.9

All the core plugs for water-wet reservoir experiment were saturated with
formation brine then aged for a minimum of three weeks in formation water prior to
the sequential LSWF.
The selected core samples for the oil-wet experiment were initially flooded with
formation brine, then flooded with Asab crude oil and aged in Asab crude oil for a
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minimum of 3 weeks prior to sequential LSWF with the numerous brines. Figure 9
shows the apparatus that was used in the core saturation with FW (details in Appendix
C).

Figure 9: Core water saturation apparatus.

2.4.2 Brine preparation and measurements
The different brines used in this study were prepared in the laboratory with the
help of the ADNOC brine composition guideline. Detailed steps on how to prepare the
different brines and their salt concentration is detailed in Appendix A.
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2.4.3 Interfacial tension measurements
For the various brines used as the smart waters, their interfacial tensions with
oil were determined using the pendant drop method with the Teclis Tracker instrument,
which involves partial release of a drop of oil with a controlled volume into a container
filled with water. The procedure for this technique is explained in detail in Appendix
E.
The IFT measurements were performed at ambient conditions. While pressure
has been found to have a negligible effect on IFT values, changes in temperature may
significantly affect IFT values. Increasing the temperature of the fluids could decrease
IFT as the solubility of sulphate ion readily increase in water (Skule Strand et al.,
2006).
2.4.4 Contact angle measurements
Contact angle measurements were performed to address the impact of FW on
the wettability of the rocks-forming mineral surface. These measurements are the main
means in which wettability alterations can be observed (Yousef et al., 2010). Diskettes
(trim-ends) to be used were prepared from samples with similar properties as that of
the Asab formation (Umm Shaif formation) as seen in Figure 10. The Teclis Tracker
instrument was used for the measurements for both IFT and contact angle as illustrated
in Figure 11.
The contact angle was measured at low (ambient) and high temperature of
90°C for water-wet and oil-wet prepared core diskettes. For water-wet, the diskette
was saturated and aged in FW for two weeks, then contact angle measured as a function
of time, while the oil-wet core diskette was saturated and aged in oil for two weeks
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and the angle was measured as the drop came out of the rock as function of time. At
high temperature, a required pressure of approximately 200 psia was used to prevent
water evaporation. The procedures followed for contact angle measurements are
detailed in Appendix E.

Figure 10: Core trim-ends used for IFT and contact angle measurements.

Figure 11: Teclis-tracker instrument used for IFT and contact angle measurements.
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2.4.5 Core flooding
Core flooding is typically a technique used to determine the optimum
development option for an oil reservoir. It often aids in evaluating the effect of
injecting smart waters specifically designed to enhance recovery of oil from a core
sample and compare their ultimate recovery with that achieved when IW is injected in
the formation. The flooding of cores with LSW was done sequentially to evaluate the
effect of dilution and sulphate spiking on oil recovery. A total of ten core samples were
used in the LSW flooding experiments, of which five were water-wet and the other
five oil-wet system. Experiments on the intermediate-wet system where carried out by
a previous student (Jasem Khalifi, 2016) and part of his work was compared with the
study that was being carried out in the thesis.
The cores were flooded with different sets of brines sequentially and Tables 12
and 13 show the different brines that were used on different sets of samples and their
order of injection for the two sets of experiments on the water-wet and oil-wet systems,
respectively.
Table 12: Sequential order for coreflooding on water-wet systems.
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Table 13: Sequential order for coreflooding on oil-wet systems.

The initial sequence was mainly for the sulphate spiked seawaters and were
conducted with an intention to determine the sulphate effect on oil recovery. The
following two sequences of LSWF, incorporated the seawater dilutions that were also
sulphate spiked to determine the effect of dilution of SW on the ultimate oil recovery.
The last two sequences were for the seawater dilutions and IW. All the effluent waters
were analyzed to evaluate the sulphate ion concentration, resistivity, TDS and pH. The
core flooding apparatus is shown in Figure 12.

Figure 12: Core flooding sytem apparatus.
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The sulphate ions concentration in the effluent waters was measured using the
turbidimetric method with a spectrophotometer. Resistivity was measured using the
EPS A precision LCR-817 meter and pH with the pH meter as shown in Figure 13.
Detailed steps on all the measurements is illustrated in Appendix G.

(a) pH meter

(b) Resistivity meter
Figure 13: Resistivity meter and pH meter.

During the LSWF the tests were conducted under the same temperature and
pressure conditions that mimic the reservoir system with an overburden pressure of
800 psia applied using the hydraulic pump. The brine injection rate was maintained at
1 cc/min throughout the different flooding sequence. To regulate flow and avoid extra
pressure build-up when the system is heated, a Back Pressure Regulator (BPR) is
installed to control the outlet pressure at 150 psi (Alotaibi et al., 2010).
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Chapter 3: Results and Discussion
3.1 Brine Property Measurements
A summary of results for the density, viscosity, pH and resistivity of the brines
is shown in Table 14. These measurements were taken at room temperature of 20°C.
Generally, an increase in viscosity and density is observed from SW to IW, this is as a
result of the increasing number of total salts dissolved in the brines. The brines spiked
with sulphate are slightly dense and viscous compared to the diluted waters.
Table 14: Brine properties.

Brine

Viscosity
(cP)
1.189
1.0631
1.0301

Density
(g/ml)
1.031
0.9975
1.0001

8.1
7.89
8.11

Resistivity
(ohm-meter)
0.174
1.531
6.271

SW X 2 SO4

1.202

1.023

8.53

0.177

SW X 6 SO4

1.2559

1.0306

8.73

0.215

SW/10 X 2 SO 4

1.0824

1.0169

8.29

0.212

SW/10 X 6 SO 4

1.0966

1.0249

8.45

0.258

SW/50 X 2 SO 4

1.0700

1.0056

8.06

0.231

SW/50 X 6 SO 4
FW
IW

1.091
1.411
1.78

1.0217
1.1075
1.097

8.4
7.77
7.73

0.28
0.068
0.062

SW
SW/10
SW/50

Ph

3.2 Contact Angle and IFT Measurements
The values for IFT and contact angle for the various brines categories in this
study was earlier on measured in the initial stages of the project and were presented in
the MSc thesis of Jassim Abubacker as presented in Table 15.
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Table 15: Results for IFT and contact angle studies at HPHT conditions.
−

Brine
SW
SW/10
SW/50
SW X 2 SO4

(m/L)
3944
394.4
79
5916

Contact Angle
(Degree)
113
131
114
138

IFT
(dyne/cm)
9.503
11.741
13.86
9.572

SW X 6 SO4

17748

162

8.343

SW/10 X 2 SO4

3067

123

11.145

SW/50 X 2 SO4

2950

147

13.406

SW/10 X 6 SO4

3394

142

10.351

SW/50 X 6 SO4

3604

148

12.992

From the Table 15 above, it’s observed that brines with higher sulphate ion
concentrations had low measurements for IFT compared to the diluted solutions.
However, the trend for the diluted solutions was not clear and significant. SW had the
lowest contact angle and SWX6SO4 with the highest contact angle. Based on these
studies, SW without any sulphate spiking content was chosen as the potential smart
water, hence SW is the best brine in terms of lowest measured IFT value. Further studies
were conducted to verify this conclusion. Figures 14 and 15 show the summary of the
findings.
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Figure 14: Interfacial tension of seawater and modified seawater.

Figure 15: Contact angle of seawater and modified seawater.
The core diskette that was aged in FW for two weeks, on measuring the contact
angle of oil drop on the surface on the rock as seen in Figure 16, at equilibrium was
found to be 47° less than 90°. After carefully examining the oil droplet, it was noticed
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that the size of the droplets actually enlarged with time mainly as a result of the
development of water in oil emulsion as shown in Figure 16. This emulsion mechanism
led to the detachment of the oil droplet form the rock surface due to the alteration of
droplet density. This indicated that the core was strongly water-wet since oil could not
imbibe and wet the surface due to cohesive forces being weaker than the adhesive
forces.

Figure 16: Results showing water-wetsurface.
For the diskette that was aged in Asab oil for two weeks the contact angle was
measured at HPHT (200 psi, 90°C) conditions following procedure in Appendix E. No
oil drop came out of the rock surface and this showed that the aged core was oil-wet
as the contact angle was greater than 180°. This phenomenon is a result of oil sticking
on to the surface of the core pores and hence impossible for it to come out to the rock
surface as shown in Figure 17.
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Figure 17: Results showing an oil-wet surface.

3.3 Water-Wet System Results
Carbonate reservoirs wettability is normally considered in the range of mixed
to oil wetting state. It has been said that their present wetting state is somewhat
unfavorable to recover additional oil by conventional water flooding. Therefore, the
selected five core plugs used in this experiment were aged in FW for a minimum of 3
weeks in order to obtain a water-wet system. The objective was to evaluate the
performance of low salinity flooding in a water-wet carbonate oil reservoir. The
carbonate core plugs were flooded initially with water to measure their absolute
permeability to water and then the saturated cores with FW were aged in FW more
than three weeks.
3.3.1 Oil Flooding experiments in a water-wet system
The aged core plugs were flooded with Asab oil (procedure described
Appendix F) until irreducible water saturation when no water was being produced
further. The cumulative volume of the produced water was used to calculate the initial
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water and oil saturations for the different core plugs as shown in Table 16. The porosity
and permeability presented were obtained using the Poro-perm (Appendix D) for core
screening purposes. The cores at Swi condition were flooded with brines of different
low salinity to evaluate the performance of low salinity flooding as a secondary
recovery process.
Table 16: Oil flooding experimental results for a water-wet system.

After oil flooding the cores at Swi, the effective permeability of oil (Ko) was
calculated using Darcy’s law equation. The initial water saturation in the cores was
observed to vary from 15 to 39%.
3.3.2 Low Salinity Flooding experiments in a water-wet system
The sequential water flooding for the different cores was carried out and the
oil recovered for each smart water used was recorded as a function of injected pore
volume. Dividing the volumetric produced oil by the OOIP initially was used to deduce
the recovery factor. The different smart water flooding experiments conducted in this
phase are explained in detail in the following sections.
3.3.2.1 Sequential sea-water flooding, effect of sulphate concentration, WW
The initial core flooding experiment involved using Umm Shaif core (UM-S)
number 18 that had an initial water saturation of 15.4%. The core was flooded with

43
SW first and then SW spiked 2 and 6 sulphate concentrations. Results of the first core
flooded with the Category 1 brines is presented in Table 17.
Table 17: Water flooding results for category 1, sequential seawater and spiked SW
flooding, WW.

All tests were conducted at a constant rate of 1 cc/min for the water-wet
system. Category 1started with SW injection which produced a recovery of 78.50% of
the OOIP during the first 10.6 PV of SW injection. Further PV injection showed no
improvement of DE as no more oil production was observed up to 14.2 PV. In order
to evaluate the effect of sulphate on the process, the injection system was changed to
SWX2SO4 (seawater spiked 2 times sulphate concentration) and the injection was
continued up to 23.5 PV. Spiking seawater with 2 times sulphate resulted a 2.2%
improvement in the DE. After a total of 27.8 PV of SW and SWX2SO4 injected, the
flooding system was changed to SWX6SO4 (seawater spiked 6 times sulphate
concentration) to investigate the effect of higher sulphate concentration on the
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efficiency. No significant improvement in the DE efficiency was observed. The ultimate oil
recovery was 80.93% during this sequential flooding, which required 34 PV of water
injection. Sulphate spiked brines showed a limited effect on the oil recovery even
though SWX2SO4 increased recovery by 2.2% and SWX6SO4 by 0.2% only. The
displacement efficiency of the smart water brines, SW and spiked SW flooding used
in category 1 are illustrated in Figure 18 and the properties post and prior flooding in
Table 18 below. The results of this task clearly demonstrate that spiking of seawater with
sulfate had limited effect on the displacement efficiency.

Figure 18: Displacement efficiency of sequential seawater and spiked SW flooding,
water-wet system.
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Table 18: Properties of SW flooding and spiked SW prior and post flooding, WW.

There was no significant change of the pH prior and post flooding as per the
pH measurements for the brines used had a slight increase in SW and SWX2SO4 post
flooding, while there was a minimal decline with the 6 times sulphate spiked SW. It
is observed overall that the systems behaved as neutral waters. Post flooding water
analysis revealed a slight increase in the total dissolved solids and turbidity, which
indicates the possibility of minor dissolution having taken place during the flooding
process. Alteration of TDS is most likely due to fines migration and dissolution as
well, however these were minor and non-conclusive. The resistivity measurements of
the effluents showed a slight decrease which was explained by the salinity increment.
This led to the confirmation of the conclusion drawn previously regarding the limited
improvement of the DE due to sulfate spiking of seawater.

3.3.2.2kSequential seawater
concentration, WW

flooding,

effect

of

dilution

and

sulphate

To study the simultaneous effect of dilution and sulphate spiking of the brines,
two sequential runs (Categories 2 and 3) were carried out with an aim of evaluating
the effect of both dilution and sulphate spiking of seawater on the DE of the studied
system (limestone).
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The second sequential run of core flooding experiments Category 2 involved
using SW diluted 10 times and it spiked 2 and 6 times with sulphate concentration.
The UM-S 38 core that had an initial water saturation of 23% was used in this task.
The results for the DE for this Category are presented in Table 19 below.
Table 19: Water flooding results for category 2, sequential SW diluted 10 times and
spiked SW 2 and 6 times flooding, WW.

This run entailed injecting SW diluted 10 times into the limestone formation.
The diluted seawater (SW/10) was injected continuously until no additional oil
production was observed (8.5 PV).At this stage, the DE for the flood was estimated to
be around 69%. The system was then switched to diluted seawater 10 times, spiked 2
times with sulphate concentration. This showed a slight improvement in DE by 3.83%.
After 19.7 PV, when no more oil was being produced, the system was changed to
seawater diluted 10 times and spiked 6 times with sulphate concentration.
Experimental results indicated no significant improvement in the DE due to additional
sulphate spiking as shown in Figure 19. This category 2 recovered 76.2% of the OOIP.
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Figure 19: Displacement efficiency of sequential of diluted seawater and spiked with
sulfate flooding, SW/10, water-wet system.
The third sequential run (Category 3) consisted of injection of seawater 50
times diluted followed by injection of the SW/50 diluted water spiked 2 and 6 times
with sulphate concentration. Core 24S was used in this experiment and the results of
the core flooded with Category 3 brines is shown in Table 20.
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Table 20: Water flooding results for category 3, sequential SW diluted 50 times and
spiked SW 2- and 6- times flooding, WW.

The sequential flooding started with SW diluted 50 times continuously until
no oil production was observed and that point was reached after 16.9 PV of brine were
injected. At this stage, 65.41% of oil initially in place was recovered. The injection
system was changed to SW diluted 50 times spiked with 2 times sulphate
concentration, which did not significantly increase the displacement efficiency (0.5%
increment). Finally, to investigate the effect of higher sulphate concentration on very
low salinity water flooding, 6 PV of SW diluted 50 times spiked with 6 times sulphate
concentration were injected as third sequential water in this task. Higher sulphate
concentration of SW/50 did not improve the DE as shown in Figure 20. The injection
of SW/50X6SO4 recovered an incremental oil recovery of 0.4%, which cannot be
justified economically. This Category 3 had an overall recovery factor of 66.31% of
the OOIP at 31.3 PV. Therefore, increasing the sulphate concentration of seawater-
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diluted times did not improvement the displacement efficiency in water-wet
environment as displayed in Figure 20.

Figure 20: Displacement efficiency of sequential of diluted seawater and spiked with
sulfate flooding, SW/50, water-wet system.
The experimental results of SW/10 and SW/50 effluent and their spiked waters
prior and post sequential flooding is displayed in Tables 21 and 22, respectively. The
data clearly demonstrated that dissolution had taken place evidenced by the increase
of the pH, turbidity, and the total dissolved solids and with a reduction of resistivity of
the effluent waters.
Table 21: Properties of SW/10 and spiked SW/10 prior and post flooding, WW.
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Table 22: Properties of SW/50 and spiked SW/50 prior and post flooding, WW.

3.3.2.3 Sequential seawater flooding, effect of dilution on the displacement, WW
To study the effect of dilution on the displacement efficiency brines in
Category 4 were used, SW, seawater diluted 10 times and SW diluted 50 times. This
was carried out using core sample 2. The results for the sequential flooding are shown
in Table 23.
Table 23: Water flooding results for category 4, sequential SW and SW diluted 10and 50-times flooding, WW.
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The obtained results show that dilution of seawater has a significant effect on the DE
of oil in the water-wet carbonate formation. The injecting of SW recovered 61.5% of
OOIP at 6.9 PV and continuous flooding with SW did not lead to any further oil
recovery. After 9.7 PV of SW injection, the flooding system switched to formation
with 10 times diluted seawater. The injection of SW/10 produced 21.9% improvement
of the displacement efficiency and the total DE at this point calculated to be around
83.4% after 13.4 PV of SW followed by SW/10 of brine injection. The last segment of
this task consists of weeping the limestone core with SW diluted 50 times, which
improved the DE by 4.6%. The total displacement efficiency obtained with SW and
the diluted seawaters estimated to be around 88%, which is much higher than the other
sequential smart waters used in this project. Improvement in displacement efficiency
as a function of dilution in the water-wet system is illustrated in Figure 21 and the
experimental results of the waters prior and post flooding in Table 24. The
improvement of the displacement efficiency in water-wet environment is attributed to
the system's main mechanism responsible for the additional oil recovery. Water in oil
emulsion seems to increase substantially in the case of water-wet system where oil
located in the middle of larger pores surrounded by water which enhances the emulsion
mechanism. On the other hand, in the case of oil-wet environment, the oil sticks to the
rock surface or moves to the smallest pores of the system, and that will result in
reducing the amount of water-in-oil emulsion.
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Figure 21: Displacement efficiency of sequential injection of diluted seawater
flooding, water-wet system.
In addition to that, the dissolution mechanism works better in wet-wet
environment, as low salinity water can contact the surface of the rock much easier than
in the case of oil-wet and intermediate wettability environment.
Table 24: Properties of SW,SW/10 and SW/50 prior and post flooding, WW.

It was observed that the pH for SW reduced post flooding while that of SW/10
and SW/50 showed an increment. This indicated that the mineral dissolution is one of
the mechanisms that enhanced and improved the displacement efficiency in the diluted
waters. An overall decrease in resistivity and increase in turbidity was observed in all
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the sequential post flooding waters. Yousef et al. (2010), had conducted spontaneous,
and core flooding experiments on carbonate rocks and concluded that the dilution of
the formation brine can increase the oil recovery by 16-21%, and it has been pointed
out that rock dissolution enhances DE of oil.
3.3.2.4 Sequential of injection water and SW/10 flooding, WW
In Category 5, the brines used were IW and SW diluted 10 times using UM-S
core 8. Table 25 presents the experimental results of this task.
Table 25: Water flooding results for category 5, sequential injection water and SW
diluted 10 times flooding, WW.

The sequential flooding of Category 5 was initiated with the current Injecting
Water (IW) to simulate the ultimate reservoir condition at the end of water injection
operation. This run was conducted employing core number UM-S 8. The results of this
experiment are presented in Figure 22. Results revealed that the injection of SW/10 (≈
5000 ppm) after flooding the reservoir with injection water (≈257000 ppm) could
improve the displacement efficiency by 0.37%, which is insignificant. Overall
production was 54.2% at a pore volume of 15.3 PV. Further illustration of the
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experimental data is shown in Figure 22 and the properties of the waters prior and post
flooding in Table 26.
The presented data in Table 26 confirms that the dissolution phenomenon took
place as indicated by significant increase in the pH, turbidity, TDS and the decrease of
resistivity for the effluent water during SW/10 cycle. The pH of the IW post flooding
is seen to decrease, however it acted as a neutral solution as the change was miniscule.

Figure 22: Displacement efficiency of sequential injection water and SW/10
flooding, water-wet system.

Table 26: Properties of IW and SW/10 prior and post flooding, WW.
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3.4 Oil-Wet System Results
As it is known that most carbonate reservoirs are mixed to oil wet. In this
experiment the aim was to modify the wettability of the core samples into a strong oilwet system.
3.4.1 Oil flooding experiments in an oil-wet system
Five Umm Shaif core samples were flooded with FW and immediately flooded
with Asab oil following the procedure that is described in Appendix F. Flooding with
oil continued until there was no more water being produced. The cumulative water that
was produced was used to calculate the initial water saturation, Swi. The core samples
were then aged in Asab oil after flooding for a period of 2 weeks to fully modify the
reservoir into an oil-wet system. After the two weeks, the samples were flooded with
oil prior to the sequential water flooding with the different brines. Table 27 shows the
results of oil flooding and the core properties that were obtained from screening using
the Poro-perm instrument. The initial water saturation for the oil-wet system is in the
range of 34.8 to 63.8%. Prior to obtaining the process of obtaining Swi, the cores had
been flushed with FW that was in the core pore spaces. This explains the high Swi.
Table 27: Oil flooding experimental results for the oil-wet system.
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3.4.2 Low Salinity Flooding experiments in an oil-wet system
The same sequential flooding experiments that were incorporated in the waterwet cores were used in the oil-wet (OW) cores. Five UM-S samples and eleven
modified brines were employed in this task.
3.4.2.1 Sequential sea-water flooding, effect of sulphate concentration, OW
system
Core number 22 was injected with seawater first followed by seawater spiked
with 2- and 6-times sulfate concentrations. The brine injection was continued until oil
ceases to flow at the outlet of the core. The experimental results of this task are
presented in Table 28. Figure 22 displays the displacement efficiency during different
stages of sequential seawater and diluted seawater injection in oil-wet environment.
Table 28: Water flooding results for category 1, sequential seawater and spiked SW
flooding, OW.
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From the presented results, SW was flooded into the formation followed by
changing the system when no recovery was observed. SWX2SO4 was injected and
only improved the displacement efficiency by 0.2%, which was the same when SW
spiked 6 times with sulphate concentration was flooded into the formation. A total
recovery of 57.0% of the OOIP was observed at 40 PV. The recovery factor for the
various pore volumes is further explained in Figure 23.

Figure 23: Displacement efficiency of sequential seawater and spiked SW flooding in
an oil-wet system.
Results indicated that the spiking of the seawaters with sulphate had no
significant effect on the displacement efficiency. No change in the endpoint effective
permeability to water was observed as well with increasing of the sulphate
concentration in the injection brines, which indicated no change in the system
wettability. The properties of the effluents post and prior to LSWF are shown in Table
29.
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Table 29: Properties of SW flooding and spiked SW prior and post flooding, OW.

There is no significant change in the resistivity of the effluents post flooding.
The acidity of the effluents post flooding was not greatly altered as the change in pH
was slightly reduced in all waters especially the sulphate-spiked waters. There was no
conclusive result to show that there was possible rock dissolution in the oil-wet
formation because of increased spiking of the waters with sulphate concentration.
3.4.2.2 Sequential sea-water flooding, effect of dilution and sulphate
concentration, OW
Categories 2 and 3 of the sequential LSWF experiment in water-wet
environment (OW) consists of using two diluted waters (SW/10, SW/50) spiked with
2 and 6 times with sulphate. Core number 2 was employed in preforming seawater
diluted 10 times experiment. The sulphate spiking was mainly to evaluate any possible
contribution of sulphate in diluted waters in increasing the displacement efficiency in
the oil-wet system. Keeping in mind that the run was conducted in a secondary mode
type of flooding, for example the core at initial water saturation. The results of this
task experiment are presented in Table 30.
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Table 30: Water flooding results for category 2, sequential SW diluted 10 times and
spiked SW 2 and 6 times flooding, OW.

Experimental results as shown in Figure 24 indicate that spiking of 10 diluted
SW in sequential flooding employing oil-wet environment had no significant
improvement in the DE of the system. The DE of the sulphate spiked system improved
by 1.8% as compared to non-spiked brine, which is an insignificant improvement and
most likely cannot justified economically.
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Figure 24: Displacement efficiency of sequential diluted seawater and spiked with
sulfate flooding, SW/10 in an oil-wet system.
To further investigate the effect of dilution and sulphate spiking, SW diluted
50 times was spiked 2 and 6 times and the brines were injected in a sequential mode.
Core number 5 was employed in this task. The experimental results are presented in
Table 31 for Category 3 sequential water flooding.
Table 31: Water flooding results for category 3, sequential SW diluted 50 times and
spiked SW 2 and 6 times flooding, OW.
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Experimental results as shown in Figure 25 indicate that spiking of 50 times
diluted SW in sequential flooding had no significant improvement in the DE. There
was probably slight rock dissolution, as it was observed from the end-point effective
permeability. The displacement efficiency of SW/10 for the oil-wet system flooding is
52.7% and addition flooding with SW/10 times 2 and 6 sulphate in a sequential form
did not move the needle of DE to any direction. Properties of the diluted seawaters and
their sulphate concentrations prior and post flooding are shown in Tables 32 and 33.
Table 32: Properties of SW/10 and spiked SW/10 prior and post flooding, OW.

Table 33: Properties of SW/50 and spiked SW/50 prior and post flooding, OW.
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Figure 25: Displacement efficiency of sequential diluted seawater and spiked with
sulfate flooding, SW/50 in an oil-wet system.
The pH in the post flooding effluents for SW/10 and spiked slightly reduced
while that for the SW/50 and its spiked waters showed a miniscule increment. The
sulphate-spiked brines acted as neutral waters as no significant change was observed
in enhancing oil recovery. There was a decline in the resistivity in both categories post
flooding. Possible rock dissolution could have occurred because of the resistivity
decline. Hence, diluted waters that are spiked with sulphate concentration have no
significant effect on oil recovery in a limestone formation as per the results obtained.
3.4.2.3 Sequential sea-water flooding, effect of dilution on displacement
efficiency, OW
Three runs were conducted employing seawater, seawater diluted 10 times and
50 times which translated roughly to salinities of 53611, 5361, and 1072 ppm,
respectively. Core number 22S was used in this category 4 experiment. The sequential
flooding results of the diluted seawater in the oil-wet core are shown in Table 34.
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Table 34: Water flooding results for category 4, sequential SW and SW diluted 10
and 50 times flooding, OW.

A recovery of 57% was observed when the oil-wet carbonate core was flooded
with SW until no more oil was detected at the outlet of the core. After that, the system
was changed to SW diluted 10 times and an increment increase in the DE of 4.4% over
SW was observed. Seawater diluted 50 times did not show any effect on DE with this
brine as presented in Table 34. No ionic exchange is believed to have occurred. The
overall recovery in this category was 61.4% at 39.05 PV, which was highest recovery
achieved with the sequential flooding so far in the oil-wet system. The improvement
in the DE of this sequential is attributed to the formation of water-in-oil emulsion, as
discussed in the process mechanism by Zekri et al. (2020). The SW/10 brine moved
the wettability of the system toward intermediate wettability because of the slight
dissolution of the system, which is supported by an increase of TDS of the effluent as
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compare to prior injection measured value. The results are further illustrated in Figure
26 below. The properties of SW and the diluted brines used prior and post flooding are
presented in Table 35.

Figure 26: Displacement efficiency of sequential injection of diluted seawater
flooding, oil-wet system.
Table 35: Properties of SW,SW/10 and SW/50 prior and post flooding, OW.

The data for prior and post flooding of SW and diluted SW presented in Table
35. It indicates an increase in the brine turbidity and TDS post flooding for all tested
brines. The pH slightly declined post flooding for SW and SW/10 while it slighlty
increased for the 50 times diluted seawater.The overall resistivity for all the effluents
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declined after flooding, this explains the dissolution phenomenon in carbonates that
takes place in the oil-wet environment.In the concludedobservation, SW/10 converted
the sytem wettability from oil-wet to intermediate wet and gave the highest recovery
of oil in the oil-wet system
3.4.2.4 Sequential of injection water and SW/10 flooding, OW
The final sequential flooding of brines is Category 5, involved flooding the oilwet core with Injection water followed by SW/10. This experiment was carried out
using UM-S core number 3. Results of the sequential LSWF are presented in Table 36.
The high salinity IW flooding resulted in a DE equal to 50.6%. Switching the injection
system to SW/10 did not improve the DE of the system.
Table 36: Water flooding results for category 5, sequential injection water and SW
diluted 10 times flooding, OW.

Results indicated that 10 times diluted seawater had no effect on the
displacement efficiency as no oil was displaced during this phase of flooding. Overall,
the de for this task is 50.6% being the least recovery with the oil-wet system. The
displacement efficiency for category 5 is illustrated in Figure 27, the effluent
properties prior, and post flooding in Table 37.
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Figure 27: Displacement efficiency of sequential injection water and SW/10
flooding, oil-wet system.
Table 37 : Properties of IW and SW/10 prior and post flooding, OW.

As presented in Table 37, there was no significant change in the pH of the
brines prior and post flooding, hence the brines acted as neutral waters. IW resistivity
did not change while that of SW/10 declined. Data also indicated that rock dissolution
is taken place during SW/10 segment of the flood, as TDS displayed a huge increase
and a significant reduction during IW segment of the flood. No additional oil recovery
was observed during SW/10, this could be explained by the fact that as SW/10 fills the
porous media, it was mixed with the IW of high salinity, resulting in an overall of
relatively high salinity system, which hinder the emulsion mechanism.
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3.5 Intermediate-Wet System Results
Experiments for the intermediate-wet system were carried out by Engineer
Mohammad Jasem Khalifi for his Thesis work (Jasem Khalifi, 2016). The aim of
presenting his work and results was to enable make comparisons between the oil-wet,
intermediate-wet, and water-wet carbonate reservoir basing on what effect LSWF has
on them to enhance oil recovery. The core samples used were the same in all systems
and with similar reservoir properties and conditions of temperature and pressure.
3.5.1 Sequential seawater flooding, effect of sulphate concentration, IW
In this experiment, SW was flooded in the formation followed by seawater
spiked with 2 times sulphate concentration and then SW with 6 times sulphate
concentration. It was concluded that SW increased the DE by 41% and when the
system was switched to seawater spiked by 2-sulfate concentration there was no
improvement in the displacement efficiency that was observed. SW×6SO4 injection
had no significant improvement in the DE or increase in oil recovery efficiency when
it was injected in the intermediate wet formation. The results demonstrated that spiking
of seawater with sulfate had no effect on DE (Zekri et al.,2020) as seen in Figure 28
and the end point permeability’s in Figure 29.
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Figure 28: Displacement efficiency of sequential seawater and spiked SW flooding,
IW.

Figure 29: End-point water relative permeability for sequential seawater and spiked
SW flooding, IW (Zekri et al., 2020).
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The data from the endpoint permeability showed mixed wettability behavior
during SW flooding and slightly the system as tending to move towards the oil wet
system during the flooding of SWX 2SO4 and SWX 6SO4.
3.5.2 Sequential seawater flooding, effect of dilution and sulphate concentration,
IW
In this experiment two sequential runs were performed to study the effect of
simultaneous dilution and sulfate spiking on the displacement efficiency of limestone
formation. Seawater diluted 10 times and 50 times followed by the injection of their
diluted waters spiked 2-and 6-times with sulphate concentration was used in his
category. The experimental results showed that there was no observed significant
displacement efficiency with the modified brines in this sequence as shown in Figures
30 and 31.

Figure 30: Sequential of diluted seawater and spiked with sulfate flooding, SW/10,
IW (Zekri et al., 2020).
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Figure 31: Sequential of diluted seawater and spiked with sulfate flooding, SW/50,
IW (Zekri et al., 2020).

3.5.3 Sequential flooding, effect of seawater dilution on displacement efficiency,
IW
Results indicated that dilution of seawater had a significant effect on the
displacement efficiency of the process as presented in Figure 32. Seawater diluted 50
times had a higher recovery than seawater diluted 10 times. Seventy-four percent
improvement in the DE was observed for seawater 50 times diluted (Zekri et al., 2020).
SW/50 was the optimum brine for improving DE and it changed the wettability of the
carbonate rock from an intermediate-wetting state to more water-wet condition.
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Figure 32: Displacement efficiency of seawater as function of dilution, IW
(Zekri et al., 2020).

3.5.4 Sequential seawater flooding, effect on injection water and SW/50 flooding,
IW
In this experiment IW was flooded into the formation followed by SW/10
injection. The aim was to determine how much DE could be observed by SW/10 if the
reservoir initially had IW imbibed in its pores. Results revealed that the injection of
SW/10 (≈ 6000 ppm) after flooding the reservoir with injection water (≈257000 ppm)
could improve the displacement efficiency by 30%, which is quite significant. The
concentration of sulfate of the IW is equal to 269 ppm compared to 3949 ppm for
SW/10, which amount to 14% the sulfate concentration (Zekri et al .,2020). The results
are shown in Figure 33 below.
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Figure 33: Sequential injection water and SW/10 flooding, IW.

3.6 Comparison of the Sequential and Diluted Seawater Injection for Different
Wettability Systems
Results clearly indicate that the reservoir wettability has a significant effect on
the displacement efficiency of low salinity water flooding. Surprisingly, diluted
seawater in a water-wet system displayed higher performance compared to oil-wet and
intermediate wettability for the studied system. The consensuses among researchers is
that the low salinity process works in carbonate formation mainly through ionic
exchange for oil-wet and intermediate wettability in the absence of clays. Low salinity
works nicely in sandstone environment for water-wet system in the presence of clays.
In this system as discussed before, emulsion and dissolutions play major role in the
improvement of the displacement efficiency. Therefore, emulsion mechanism
significantly enhanced in the case of water-wet system as oil occupies the larger pores
and moves to the middle of the pore space surrounded by water.
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Results also indicated that seawater exhibited the best performance in an
intermediate wettability (IW) system. The IW seawater displacement efficiency
increased by 27% and 17% over that obtained for oil wet and water wet systems.
Therefore, for mixed wettability oil reservoirs i.e., reservoirs that exhibit oil-wet and
water-wet behavior in different areas, the variation in DE should be counted for when
conducting low salinity reservoir simulation study. Based on previous analysis, low
Salinity water flooding (≤ 6000 ppm) works beautifully in water-wet environment and
sea-water (≈ 60000 ppm) produced the highest DE in intermediate wettability system.
In other words, for the studied system the following brines are recommended: seawater for oil-wet and intermediate wettability system, and SW/10 (≈ 6000 ppm) for
water-wet system. Figure 34 and Table 38 present the displacement efficiency for SW,
SW/10, SW/50, and injection water for oil-wet, water-wet, and intermediate
wettability.

Figure 34: DE of SW, diluted seawater, for different wettability systems.
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Table 38: DE of different diluted and IW brines for OW and WW systems.
SW
SW/10
SW/50
IW

Oil Wet
57.0
53.0
52.4
50.6

Intermediate Wet
71.7
57.9
40.8
53.7

Water Wet
61.5
69.1
65.4
54.0

End-point water relative permeability’s at residual water saturation were
measured and presented for different wettability systems using diluted seawater and
injection water in Table 39. Figure 35 presents the results of water relative
permeability at residual oil saturation for the studied cases. Craig’s (1) rule of thumb
is used to assess the system wettability. Craig’s rule stated that relative permeability
to water at maximum water saturation is generally less than 30% for water-wet system
and greater than 50% for oil wet- system (Craig, 1971). Based on that, for oil-wet
system, low salinity water (SW/10 and SW/50) shifted the system wettability to waterwet and the seawater wettability moved to intermediate stage most likely through
dissolution.
Results also pointed out that as shown in Figure 35, dilution of sea-water
moved the intermediate wettability system to oil-wet and that explains the low
performance in terms of displacement efficiency obtained for these two cases. The
wettability of the intermediate wet system did not change after the injection of
seawater and injection water. In the case of water-wet system, the injection brines
shifted the wettability to intermediate wettability except for highly diluted seawater
(SW/50); it displayed stronger shift toward water wetness. Keeping in mind that in our
case study as stated previously in our publication (Zekri et al., 2020), two mechanisms
are responsible for the improvement of oil recovery, mainly dissolution (wettability
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alteration) and emulsion. Quantitatively, the contribution of each mechanism is quite
not straightforward and possible to determine at this stage.

Figure 35: End-point relative permeability for the different wettability systems.

Table 39: Water-End point relative Permeability for the different wettability systems.
SW
SW/10
SW/50
IW

Oil Wet
0.31
0.14
0.18
0.26

Intermediate Wet
0.39
0.54
0.65
0.46

Water Wet
0.41
0.37
0.16
0.43

The displacement efficiency of the sequential systems used in this project is
affected by the system wettability as displayed in Figure 36. The sequential IV
(SW+SW/10+SW/50) is the optimum sequential system for oil-wet and water-wet
systems and sequential III (SW/50+ SW/50*2SO4+SW/50*6SO4) is the optimum
sequential for intermediate wettability. In general, spiking diluted seawater with
sulfate and injected in different forms of sequential order did not show an improvement
in the displacement efficiency of both oil-wet and water-wet environment. Overall, the
optimum system for sequential injection is sequential IV in water-wet environment,
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which produced a DE equal to 88% as shown in Figure 36 and presented in the Table
40. The displacement efficiency of SW injection followed by diluted seawater
injection in water-wet system is quite high more than we have observed in other
enhanced oil recovery processes such as chemical and miscible flooding.

Figure 36: Displacement efficiency for sequential flooding as a function of system
wettability.

Table 40: DE of different Sequential brine flooding for OW, IW and WW systems.
Sequential I
Sequential II
Sequential III
Sequential IV
Sequential V

Oil Wet
57
54
52.7
61.4
50.6

Intermediate Wet
40.70
58.12
75.09
41.82
70.00

Water Wet
80.09
76.20
66.30
88.00
54.20
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Chapter 4: Conclusion and Recommendation for Future Works
4.1 Conclusion
Based on the results of the experimental work obtained from this study, the
following conclusions can be drawn.
1. The workability of low salinity water flooding in any wettability environment
is a function of the recovery mechanism of the process.
2. Rock dissolution and water-in-oil emulsion are the dominant mechanism of the
studied system in this project.
3. Seawater flooding of intermediate wettability carbonate rock is the optimum
system of the studied systems, which includes SW, SW/10, SW/50 in oil-wet,
water-wet, and intermediate wettability environments.
4. Emulsion is the dominant recovery mechanism of LSWF in the water-wet
environment, and dissolution is the main player in the oil-wet environment.
5. The displacement efficiency of the sequential systems used in this project is
affected by the system wettability.
6.

The sequential flooding IV (SW+SW/10+SW/50) in water-wet environment
is the optimum among the studied five sequential schemes; it produced
excellent displacement efficiency equal to 88%.

4.2 Recommendation for Future Works
The effect of the following parameters on the performance of low salinity are
recommended:
1. The Effect of Rock Typing I.E. Limestone, Dolomite.
2. Effect of Formation Brine Composition.
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Appendices
Appendix A: Brine Calculation and Preparation
The brines, SW, IW and FW that were used in the study were investigated on
initially, measured and reported by ADNOC. This was done using the ICP for anions
and the Ion chromatography for cations. As the brines were prepared it’s advisable to
balance the compositions of the different brines prior by carrying out the ionic balance
calculations To balance the ionic composition an addition or subtraction of either
sodium or chloride ions was done , as it has been proven by previous researchers that
sodium and chloride ions are non-determining ions in wettability alteration(Alotaibi et
al., 2010).Regression analysis was the technique to derive calculations to achieve the
perfect ionic balance of 1.0. An example of sea water calculation is shown in Table
A.1.
Table A.1: Seawater ionic balance calculation as an example
CATIONS ANALYSED
(mg/L)
Na+
18680
Ca++
690
Mg++
2132
K+
672
Ba++
Fe++
Sr++
0
Li+

ANIONS ANALYSED CATIONS ANALYSED ANIONS ANALYSED
(mg/L)
(meq/L)
(meq/L)
Cl27370 Na+
0.8288
Cl1.0108
SO43944 Ca++
0.0344
SO40.0411
HCO3123 Mg++
0.1754
HCO30.002
CO3K+
0.0172
CO3OH3Ba++
OH3IFe++
INO3Sr++
NO30.002
BrLi+
BrSum
1.06
Sum
1.06
Ratio of Cations to Anions
1
=

In order to estimate the specific ionic composition in the brines being prepared,
the salt amount was calculated using the software spreadsheet that was developed by
Core Laboratories International. The sequence of mixing the salts was basically adding
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the divalent less electronegative ions with Sodium Chloride being added last. Table
A.2 shows the amount of salts required for seawater preparation as an example.

The seawater prepared has the following properties,
Well:

SB-0567

Field:

Asab Oilfield

Location:

UAE

Weight of 10.078 cc Brine:

10,47891

Concentration (ppm):

53,611

Specific Gravity (gm/cc):

1.0398

Table A.2: Salts required to prepare sea water synthetically

Chemicals
O (
)
)
2 SO4 (
NaCl
)
2 (
2
2O
2
2O
S 2 2O
KCl
LiCl
2
2O
2
2O

1 Litre (gm) 5 Litre (gm) Sequence
0.17
5.8
24.41
1.91
2.53
17.83
0
1.3
0
3.77
0

0.85
29.16
122.05
9.55
12.65
89.17
0
6.41
0
18.86
0

1
2
6
3
4
5

The following procedure below has been used for the preparation of brine.
1. Prepare a clean volumetric flask with the required volume 1 or 5 litres
2. Fill half of the volumetric flask with de-ionised water
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3. Carefully place a magnetic stirrer in the volumetric flask and place the flask on
a stirring pad then switch it on.
4. Use a funnel to add the required amount of salts in the same sequence as
required.
5. Fill the volumetric flask to the required volume of 1 or 5 litres taking the stirrer
volume in account.
6. Keep stirring until the salts are dissolved.
7. Gently pour the brine solution in the sidearm flask (with stirrer in) and apply
enough vacuum pressure to remove any dissolved gas in the brine.
8. Once the brine solution is completely transferred, remove the funnel and place
a rubber bung on top of the side-arm flask the turn the vacuum and stirrer on
for a few minutes (2 to 3).
9. Do quality check on the prepared brine solution by measuring the resistivity of
the brine and compare it with the equivalent NaCl resistivity at room
temperature (Tiab and Donaldson, 2015).
10. Measure the density and viscosity of the prepared brine using a pycnometer
and Canon-Fenske viscometer.
11. Pour the prepared brine solution in a sealed container and label it accordingly.
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Appendix B: Brine dilution and Sulphate spiking
B.1: Dilution
All the diluted waters were prepared using seawater as the base water of the
dilution. The calculations were done using the dilution equation as follows,
C1 V1 = C2 V2
Where:
C1 = concentration of the sea water (ppm).
V1 = required volume of seawater (ml).
C2 = required concentration of the new solution (ppm).
V2 = required volume of the new water (ml).
B.2: Sulphate Spiking
The spiking was done by adding of sodium sulphate (Na2SO4) salt. Although
the addition of sulfate in the form of sodium sulfate increases the amount of sodium in
the solution, this increase was insignificant as sulfate has proven to be a nondetermining ion in wettability alteration (Alotaibi et al. 2010). Six-time sulphate
spiking was selected as it had shown better results at previous ADNOC research for
Asab Field. On addition of Na2SO4, NaCl is added too, to balance the sodium ions in
the solution. Table B.1 represents the order of sulphate spiking for both 2 time and 6
times and how the spiking was done while balancing the NaCl.
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Table B.1: Procedure of seawater sulphate spiking

Chemicals
O (
)
)
2 SO4 (
NaCl
)
2 (
O
2
2
2
2O
S 2 2O
KCl
LiCl
2
2O
2
2O

SW
SW X 2 SO4
1 Litre (gm) 1 Litre (gm)
0.17
0.17
5.8
11.66
24.41
19.61
1.91
1.91
2.53
2.53
17.83
17.83
0
0
1.3
1.3
0
0
3.77
3.77
0
0

SW X 6 SO4
1 Litre (gm)
0.17
35.06
0.41
1.91
2.53
17.83
0
1.3
0
3.77
0

Appendix C: Core Preparation
C.1: Core Cleaning Procedure
A soxhlet extraction apparatus is used to extract the oil/brine from the core
samples. In this method, toluene is gently boiled from a Pyrex flask; the vapor of
toluene moves upward and condenses. The core plug is then submerged in the
condensed toluene. When the level of the condensed fluid reaches the top of the siphon
tune arrangement, the condensed toluene inside the soxhlet tube are automatically
emptied to the boiling flask (using siphon effect).
All core samples were kept in toluene (to extract the oil) and methanol (to
extract the brine and salts). The cleaning is continued until not traces of oil can be
observed under the UV light. The following procedure is used for core cleaning with
soxhlet apparatus.
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1. Core sample is placed in the soxhlet.
2. Soxhlet is then connected to the boiling flask.
3. The extracting fluid is poured into the soxhlet until the siphon level (this is
repeated for at least 3 times/cycles).
4. Connect the soxhlet to the condenser and make sure the water is running through
the condenser.
5. Place the set-up on the heating mantle and provide enough heat until a proper
condensation rate is achieved.
6. Stop the soxhlet when the core is completely clean, and no extra fluid can be
extracted (usually after a duration of 3 to 5) days.
7. Place the cores in the oven at a temperature of 150°C degrees for 2 to 3 days and
take the measurement of dry weight for each core samples.
C.2: Core Saturation
A method which is a combination of vacuum and pressure is used to saturate
the core plugs with the formation brine.

1. Vacuuming
In this stage of saturation experiment, vacuum pressure is used to empty the
air from the pore space of the core plug.
a) In order to use less volume of formation water, fill half the saturation cylinder
with core plugs that won't be used in the study.
b) Cover the cores with the formation brine completely.
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c) Lay the cores that are to be saturated, on the cores that are used to fill the dead
volume of the cylinder. Make sure that the cores are dry and completely out of
the brine,
d) Put the lid of the chamber and close prefilling and pressure valves.
e) Open the vacuum valve, connect it to the vacuum stream and let it run over
night.

2. Pressurizing
After applying the vacuum pressure for an overnight, the chamber is
completely filled and pressurized with formation brine. The following is the procedure
used for pressurizing the core plugs with formation water.

a) Close the vacuum valve and pressure valve.
b) Put the prefilling source in the container filled with enough brine and then open
the prefilling valve.
c) Wait for 20-30 minutes for the chamber to get filled with its original vacuum
pressure

Note: that this pressure of -1atm is only enough to saturate the larger pores of
the core. In order to saturate the pores with very small radius, it is needed to
increase the pressure of the chamber to approximately 3000 psi. Capillary
pressure equation shows that in order to fill pores with small radiuses, it is
needed to impose high pressures. To pressurize the cell the injection pump was
used:
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d) Close the "outlet" valve and open the "inlet" valve
e) Press "RUN" to empty the storage chamber of the injection pump from
distilled water
f) Put the outlet or "refilling" line in the brine bottle (or container) and press
"REFILL", until you see a message on the screen saying, "REFILLING
COMPLETE".
g) Close the "inlet" valve and open the "outlet" Valve
h) Connect the outlet of the injection pump to the pressure valve of the saturator.
i) Close all the valves of the saturator and open pressure valve.
j) Choose one of the "constant pressure" or "constant flowrate" methods and set
your pressure or flow rate accordingly.
k) Press run to fill and pressurize the saturator chamber to the required pressure
of 3000 psig.
l) It is recommended to: Up to 2700 psig with 25 cc/min. Up to 3000 psig with
constant pressure.
m) Once the pressure of 3000 psig is achieved, close the pressure valve of the
saturator, and let it stay under high pressure for a day.
n) Empty the cylinder of the injection pump and refill it with DI water.

Once the cores saturated by water, Pore Volume (PV) and Porosity of cores by
water could be measured using following equations:

𝑃𝑉 =

𝑊𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑 − 𝑊𝑑𝑟𝑦
𝑤𝑎𝑡𝑒𝑟
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∅=

𝑃𝑉
𝑉 𝑏𝑢𝑙𝑘

Where:
PV : Volume of pores connected and filled with water (cc).
𝑊𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑: Weight of core after fully saturated with water.
𝑊𝑑𝑟𝑦: Weight of dry core.
∅𝑤𝑎𝑡𝑒𝑟: Total percentage volume of pore by volume total of core.
𝑉𝑏𝑢𝑙𝑘: Volume total of core.

Appendix D: Measurement of Porosity and Permeability
The Vinci Poro-Perm Instrument is used to measure the density, porosity and
permeability of the core sample using nitrogen gas.

D.1: Porosity Measurement
The ideal gas law is used to calculate the pore volume and eventually, the grain
density. A cell with a known volume is initially filled with nitrogen gas and the
pressure is recorded as Pref. It is then connected to another cell containing the core
plug, with an "unknown volume" (pore volume). The new pressure is measured as
Pexp and is used to find the unknown volume (pore volume). The procedure to
measure porosity is as follows.
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1) Connect the plastic pressure input to the nitrogen gas cylinder.
2) Gently open the valve on the nitrogen cylinder until a pressure of
approximately 150psia is read on the gauge. Do not apply any confining
pressure (confining pressure valve should be on Vent).
3) Click on "Update Patm" to update and recalibrate the pressure sensors.
4) Place the core sample into the cell and fill the gap with the provided billets.
5) Select "GV+PV" and " No permeability measurement".
6) The only two valves used during Porosity measurements are Source valve and
Matrix valve:
a. Source valve should always be "ON"
b. Matrix valve is opened/closed during the test
7) Keep the cell separated.
8) Input the following information into the software:
a. Report name
b. Operator name
c. Sample name
d. Weight (grams)
e. Diameter (mm)
f. Length (mm)
g. Sample #
h. Number of billets used
9) Press " START': Grain volume is calculated based on the dimensions.
10) Press " YES" (after checking the TO DO list): The first cell is filled with
gas(pressure build up) and the cell pressure is then reported as "Pref"
11) Turn the MATRIX CUP valve to "pressure" and press "OK".
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12) Turn the MATRIX CUP valve to " Vent" and press "OK'.
Pexp is then stabilized and recorded to calculate pore volume and grain density

D.2: Permeability measurement
The Poro-Perm instrument can also be used to measure the permeability of a
core sample using nitrogen gas. The software provided by Vinci Company has a builtin function to account for the slippage and Klinkenberg effect and corrects the
permeability values automatically. The procedure to measure permeability is
illustrated below.
1) Connect the pressure input of the instrument to the gas cylinder and apply a
confining pressure of 350-400 psia.
2) Select ‘No Volume Measurement’ and "Kg Autoflow" on the screen.
3) The only valve used during permeability measurements is the "Confining
Pressure" valve. The position of other valves should always be as:
a. Source valve should be ‘ON’
b. Matrix valve on "VENT"
c. F low valve on "FORWARD"
4) Click on "Update Patm" to update and re-calibrate the pressures sensors.
5) Input the following into the software:
a. Report name
b. Operator name
c. Sample name
d. Diameter (mm )
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e. Length (mm)
f. Sample #
6) Load the core plug in the cell and close it tightly.
7) Open the inlet and outlet valves.
8) Apply the confining pressure of 350-400 psi by turning the "
CONFININGPRESSURE" valve to "PRESSURE".
9) Press ‘START’, an excel spreadsheet will open and the dimensions and data
will be recorded.
10) Press ‘YES’ (after checking the TO DO list).The flow starts, and it is scanned
automatically each 15-30 seconds.
11) The software will report the calculated permeability, K value when it has
stabilized.
D.3: Permeability Measurement Using Water Flooding
Core-holder and the core-flooding apparatus can be utilized to:
• Measure the absolute permeability by injecting brine in a core sample of fully
saturated brine ( Sw of 100%)
• Measure the recovery factor for various secondary/tertiary oil recovery techniques
• Construct the relative permeability curves
• other calculations.

Measurements
The flooding is carried out using a conventional core holder and the procedure
of measuring the absolute permeability is as follows.
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1) Gently place the core sample (at Sw of 100%) in the sleeve.
2) Place the flood head at one end and the end-stem at the other end of the core.
3) Lubricate the end-stem with some hydraulic oil and place the above set-up
into the core holder gently (to save time, you can also pour about 10 ml of
hydraulic oil in the core holder before loading the set-up)
4) Tightly close the cap of the core holder
5) Apply overburden pressure of 800 PSI.
6) Connect the injection pump to one inlet of the flood-head and start the
injection at a constant flowrate of 2 cc/min.
7) Close the second inlet on the flood-head after you observe the water coming
out of the second inlet. This is to bleed-off the air in the core holder.
8) Observe the injection pressure on the screen of the injection pump and report
it when it stabilizes.
9) Stop the injection pump and unload the core sample
10) Release the overburden pressure by opening the valve on the hydraulic pump
11) Open both inlets of the flood head then open the cap.
12) To remove the sleeve along with the flood-head and end-stem, close the valve
on the overburden pressure pump and pump some hydraulic oil into the core
holder.
The absolute permeability to the liquid is then measured as:

𝛫=

14700 ∗ 𝑄 𝜇 𝐿
𝐴 ∗ 𝛥𝑃

100
Where:
Q: Injection rate (ml/sec)
μ: Viscosity of the injection fluid (cP)
L: Length of the core (cm)
A: Cross Sectional area of the core (m2)

△P: Pressure across the core

Appendix E: Measurement of IFT and Contact Angle
E.1: Interfacial Tension
All Interfacial Tension (IFT) Values of oil and brine were measured by the
pendant drop technique using the Teclis-tracker as shown in Figure E.l. Interfacial
tension measurements are carried out at high temperature conditions using the HTHP
cell provided with the instrument.

Figure E.1: Teclis-tracker
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The provided cell is capable of withstanding high pressure and high
temperature. The 90°C conditions were set while maintaining the cell pressure at a
maximum of 250 psia using nitrogen gas. Tracker makes use of the axisymmetric drop
shape analysis (ADSA) technique to find the interfacial tension by fitting Laplace
equation. The procedure followed for 1FT measurements is as follows:
1) A beaker is filled with 25ml of brine
2) The injection syringe is filled with the crude oil (filtered and degasified), and
a U-type needle is connected to the syringe.
3) The syringe and beaker are then placed on the stand.
4) The stand is then placed in the HTHP cell and it is tightly closed.
5) The cell is placed on the pre-specified place on the instrument and the position
is adjusted so that only the tip of the needle is shown on the camera.
6) Connect the heating jackets, nitrogen cylinder and temperature probe to the
cell.
7) Open the camera window with the software and inject 2-3 drops of oil by
operating the pump manually. This is to eliminate the possibility of having air
bubbles in the oil drop.
8) Open the Teclis tracker software and run the experiment after entering the exact
densities of the crude oil and brine, and volume of the drop. The drop volume
should be set at a volume slightly less than the intended volume to account for
thermal expansion.
9) Apply the pressure of 200 psia and increase the temperature step by step up to
90°C.
10) Run the measurement until a stabilized IFT is obtained.
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E.2: Contact Angle Measurements
The Teclis-Tracker instrument is also used to measure the contact angle
manually for 72 hours. The advantage of the following technique is that the
spontaneous drainage is observed throughout the experiment. The following is the
procedure for contact angle measurement:
1) The cleaned core trim-ends (diskettes) are placed in the filtered crude oil and
aged for two weeks and those of water wet aged in formation brine.
2) The oil -aged sample is then placed in the beaker filled with brine. There
should be no air bubbles on the rock surface.
3) Place the beaker and the empty syringe in the stand.
4) Place the stand inside the cell and close it tightly.
5) Adjust the position of the cell so that the camera only shows the upper surface
of the oil-wet trim-end.
6) Connect the heating jacket, nitrogen cylinder and temperature probe to the cell.
7) Open the Teclis tracker software and set the setting to take pictures of the rock
surface every 15-30 minutes.
8) Apply the pressure of 200 psia and increase the temperature step by step up to
90°C.
9) Monitor the contact angle for 72 hours.
10) For the trim-end aged in FW, a drop of oil is injected on to the core immersed
in FW.
11) The oil droplet is observed for any changes.
12) The contact angle is measured.
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Appendix F: Core Flooding
F.1: Oil Flooding
After brine saturation, all cores are flooded with the reservoir oil until no more
formation brine is produced. At the end of the core flooding experiment, core plugs
are at the initial water saturation (Swi) conditions.
The procedure for the oil flooding experiments is similar to the procedure
explained for permeability measurement using water in Appendix D. Core flooding is
conducted using the following procedure. Only differences between water-flooding
and oil-flooding experiments are:

1) Gently place the core sample (at Sw of 100%) in the rubber sleeve.
2) Place the flood head at one end and the end-stem at the other end of the
core.
3) Lubricate the end-stem with some hydraulic oil and place the sleeve into
the core holder gently.
4) Tightly close the Cap of the core holder and apply overburden pressure of
800PSI.
5) Connect a pressure regulator valve to the end-stem. Keep the back-pressure
valve closed completely.
6) Connect the oil container at the back of the core holder to the nitrogen
cylinder and apply a pressure of 400 psig and connect the outlet of the
pressurized oil container to one inlet of the flood-head.
7) Close the second inlet on the flood-head after you observe the water coming
out of the second inlet. This is to bleed-off the air in the core holder.

104
8) Open the oil injection valve completely while the regulator valve on the
end-stem is still closed. This is to build up the pressure inside the core and
ensure the flow stability.
9) Gently open the back-pressure valve until a proper production rate
(approximately one drop of effluent every 3 seconds) is obtained.
10) Collect the produced effluents and report the cumulative volume of the
produced brine and continue the oil flood until no more brine is produced.
11) Stop the injection pump, unload the core sample, and release the
overburden pressure by opening the valve on the hydraulic pump.
12) Open both inlets of the flood head then open the cap of the core holder.
13) To remove the sleeve along with the flood-head and end-stem, close the
valve on the overburden pressure pump and pump some hydraulic oil into
the core holder.

The initial water saturation of the core plug is calculated as:

𝑆𝑤𝑖 =

𝑃𝑉 − 𝑉𝑤𝑎𝑡𝑒𝑟
𝑃𝑉

𝑆𝑜𝑖 = 1 − 𝑆𝑤𝑖

Where,
PV is the pore volume calculated using saturated weight of the core sample
(Appendix D).
Vwater is the cumulative volume of the produced brine at the end of oil flooding
experiment
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Swi is the initial water saturation
Soi is the initial oil saturation.
Oil flooding experiment is usually reconducted after aging of the core plugs to
alteration due to aging. Producing more water after aging would mean that the
wettability of the rock has moved toward a more oil-wetting state.
F.2: Low Salinity Water Flooding Experiments
The aged core plugs were being flooded with various brines to evaluate the
effect of dilution and sulfate spiking on oil recovery. The low salinity water flooding
experiments were all conducted at reservoir temperature. LSWF experiments are
conducted using the following procedure.
1) Gently place the aged core sample (in So) in the rubber sleeve.
2) Place the flood head at one end and the end-stem at the other end of the core.
3) Lubricate the end-stem with some hydraulic oil and place the sleeve alone
with the flood head and end-stem into the core holder gently.
4) Tightly close the cap of the core holder.
5) Apply overburden pressure of 800 PSI.
6) Adjust the back-pressure regulator valve to a pressure of 100 psia and
connect to the end-stem.
7) Wrap the core holder with the heating tape and cover it with aluminum foil.
8) Increase the temperature of the core holder stepwise (steps of 20°C).
9) Fill the injection pump with the injected brine (as explained in Appendix A).
10) Connect outlet of the injection pump to one inlet of the flood-head.
11) Close the second inlet on the flood-head after you observe the water coming
out of the second inlet. This is to bleed-off the air in the core holder.
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12) Operate the injection pump at the constant injection rate of 1 cc/min.
13) Collect the produced effluents and report the time, pressure, and the volume
of the produced oil.
14) Continue the oil flood until no more brine is produced.
15) Stop the injection pump.
16) Empty and refill the pump with the next injection brine (if any).
17) Continue the flooding with the next brine at the same injection rate of 1
cc/min.
18) Stop the flooding experiment when no more oil in produced.
19) Unload the core sample.
20) Release the overburden pressure by opening the valve on the hydraulic
pump.
21) Open both inlets of the flood head then open the cap of the core holder.
22) To remove the sleeve along with the flood-head and end-stem, close the valve
on the overburden pressure pump and pump some hydraulic oil into the core
holder. For every pore volume injected, the recovery factor (RF) is calculated
as:

𝑅𝐹 =

𝑉𝑜𝑖 − 𝑉𝑜𝑝
𝑉𝑜𝑖

Where
Voi is the volume of oil initially in place.
Vop is the cumulative volume of the oil produced at a specific pore volume injected.
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Appendix G: Effluent Water Analysis
After waterflooding tests, Effluent water was to be tested for the resistivity,
TDS, Turbidity, and pH. Comparison between properties of water prior and post
flooding may give the information about the underlying mechanism behind the low
salinity water flooding process.
G.1: TDS and pH meter
The TDS of the waters was measured using the meter instrument by HACH
while the pH of the waters was measured using a pH meter manufactured by HANNA.
The measurement was conducted using the following procedure. Both instruments
have the same procedure.
a) Switch on the pH meter.
b) Make sure the tool is been calibrated.
c) Place the probe into the water sample and wait until the measuring
process has been stable.
d) Read the measurement.
e) Clean the probe before doing the measurement for next water.
G.2: Resistivity meter
The precision LCR 817 resistometer was used to measure the resistance as follows,
a) Switch on the LCR meter.
b) Make sure the tool has been calibrated.
c) Set speed to medium, display to value , mode to R/Q and circuit to
series.

108
d) Place the probe into the water sample and wait until the measuring
process reading has stabilized.
e) Read the resistance and multiply it by factor 0.02 to have ohms meter
units
f) Clean the probe before doing the measurement for the next water.
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